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I. INTRODUCTION 

The problem cf developing a windshield for aircraft 
which ~111 withstand the effect of bird impacts during 
flight fs a, difficult one, as an estimate of the striking 
energy will indicate. If the average speed of the air- 
plane is considered to be about 200 miles per hour and 
that of the bird about 70 miles per hour, the speed of the 
bird relative to the airplane may be as great as 400 feet 
per second. If a 4-pound bird is involved, a maximum im- 
pact energy of approximately 10,000 foot-pounds must be 
dissipated. To obtain this energy in a drop test fn the 
Eashington Monument, it would be necessary to drop a 20- 
pound weight down the 500-foot shaft. For both theoreti- 
cal and practfcal reasons, it is necessary to keep the 
mass and speed more nearly like those to be encountered. 
However, to get an impact of about 10,000 foot-pounds with 
a $-pound falling body, it would be necessary to drop it 
from a heiqht of approximately one-half mile, neglecting 
air resistance. These facts will indicate some of the ex- 
perimental obstacles in the way of simulating bird fmpacts 
against aircraft windshields. 

This report presents the results of a comparative 
study of the impact strengths of various types of trans- 
parent plastics with particular reference to-their ability 
to withstand the impacts of relatively soft bodies. 

- 

II, TEST EdllTERIALS AND METHODS 

The following types of plastics tvere tested: Cellu- 
lose acetate, cellulose acetopropfonate, cellulose nitrate, 
ethyl-cellulose, vinyl chloride-acetate, vinyl acetal, 
methyl methacrylate, propyl methacrylate, and butyl methac- 
rylate. Of these plastics, only cellulose acetate, cellu- 
lose nitrate, and methyl methacrylate are or have been used 
in aircraft windshields; the other materials were submitted 



2 
. 

N.A.C.A. Technical Note No. 718 

as experimental products, Each sample has been assigned a 
symbol comprised of a letter and a numb-er. The letter is 
used in place of the name of the manufacturer and the num- 
bers indicate different nominal thicknesses or different 
formulas of a given manufacturerrs plastic. 

Three different methods of testing the plastics for 
impact strength were used, namely, the Gharpy pendulum type 
of impact testing apparatus, drop tests with hard and rol- 
atively soft bodies, and high velocity impacts produced by 
projecting a body from a gun by air or powder. 

III. CHARPY IMPACT TESTS 03 PLASTICS 

A. Apparatus'and Significance of the Tests 

The apparatus. used in the measur-ement of Charpy impact 
strength is shown in figure 1. The capacity of the machine 
is 2.9 foot-pounds and its strikfng velocity is about 8 
feet per second. The specimen was prepared fn the form of 
a bar 2.5 inches long, 0.5 inch wide, and thickness as re- 
ceived. The material was tested rrith a notch cut into the 
edge of the specimen, as shown in figure 2. 

. 22$syqe-+2~ 

The specimen 

Fiwe 2,- 
Specimen far 
Charpy impact 
strength test 
(thickness of 
specimen is 
same a8 t'nat 
of the sheet 
to be tested). 

was broken as a sfmple beam, the blow being struck by the 
rounded knife edge of---the pendulum at the middle of the 
span, which was 1.57 inches. The epecimens were struck on 
the edge opposite the notch. The scale was graduated in 
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degrees and readings were estimated to O.l", whfch corm- 
spends approximately to 0.002 foot-pound.* 

. 

l 

The pendulum teat is quite arbitrary in that the .type 
of impact to whfch a material nag be subjected in actual 
use may be very different from that in the Gharpg test, es- 
pecially with regard to the concentration of the 'load. ft 
is possible that in service a large portion of.the material 
is 'stressed highly, whereas in the pendulum test, only the 
material near the midspan is subjected to high 6tresses1 
'The latter is particularly true for the notched specimens. 
At the base of the notch there exists a very high stress 
concentration which denends on the radius of curvature,' 
Motchinq the specimen makes it possible to break ductile 
or flexible materials which otherwise would bend and pass 
between the supports without.fracture. * The unnotched 
specimen gives a higher strength value than t'he.notched 
specimen, and the ratio of the strength of the unnotched 
specimen to that of the notched specimens varies with dif- 
ferent materials. Inasmuoh as the unnotched cellulose. ' 
plastfc specimens, in general, tended to pull through with 
the pendulum at room temperature without breaking, all of 
the Charpy tests described in this resort were made with. 
notched specimens. 

B. Results of Charpy Impact Tests ' 

For one series of Charpy impact tests, two sets of 
ffve notched specimens of each material mere prepared. 
The edges were machined on a milling machine and the notch 
was made with a 60' triangular file. One set was tdea 
at 700-F. and 65 percent relative humidity, and the other 
at about 25' F. without humidfty control. The results of 
these tests are presented in table.1. As the materials 
tested were of different thicknesses, the data are reported 
in foot-pounds per inch of thickness, obtained by dividing 
the observed value for the energy absorbed in breaking the 
specimen by its thickness.** 1 

In'the course of experimental work with samples of 
'transparent plastics submitted subsequent to the above 

tests, 'additional data on impact strength as measured bY 
the Charpy test were obtained. The specimens for these 
tests mere notched with a special milling cutter designed 
--- A-- 

*For further details of the Charpy impact strength test, 
sea 'A.S.T.M. Tentative Standards,1937, page 1023. 

""See A.S;T,M. Tentative Standards,'1937, page 1028,. 
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to Droduce the type of notch indicated in figure 2. Four 
to six specimens of each sample were tested. The averaged 
results of these miscellaneous tests are shown in table 
II. In particular, the eff-ect of fastening a bracket to 
each suPport. s.l.ightly above the specimen to eliminate the 
possibility of the thin specimens flipping over and break- 
ing in a flatwise instead of an edgewise position, was de- 
termined. No significant difference in the results ob- 
tained was noted. The decreased fmpact strength of cellu-; 
lose ac-etate and cellulose acstopropionate at low tempera- 
tures and the negligible effect of temperature on methyl, 
tiroml, and butyl methacrylate, and styrene resfns are 
also shown in these tests. 

IV. FALLING-BODY IMPACT TF,STS ON PLASTICS 

A. Falling-Ball Tests 

A falling-ball test for.laminated glass described in 
a publication of the American Standards Association* pro- 
vides for dropping a 0.5-pound steel-ball 10 feet onto the 
center of a 12-inch square 
frame (fig. 3), 

specimen resttng in a wooden 
mhich'has an opening ll-3/8 inches square. 

Following this specification except for-the height, it was 
found that a cellulose-acetate specimen, 94 mfls thick, 
failed only on the 24th impa.ct of the. 0.5-pound steel bz~ll 
falling 65 feet. A cellulose-nitrate. specimen, 65 mils 
thiuk, was forced into the hollow center of the supgorting 
rack without fracturing on the ffrst impact from 65 feet. 
In order to avofd this'action and to reduce the time re- 
qu$red for the test, the following t-eet procedure was 
a.dopted. A specimen 6.5 inches in diameter is fastened 
firmly between rubber gaskets in a metal frame (fig. 4) 
which has a circular opening 5.5 inches in diamet-er. The 
least height from which the test body falling ant-o the 
center cf the Dlastic will break it with two impacts is 
determined, except for those plast-its which do not break 
on the second impact from 65 feet, the maximum height 
mhich was available for this test, For these latter mate- 
rials, the total numbor of impacts from 65 feet required 
to break.the speoimen, is determined. 

Some results of the falling-ball tests are-given in 
table I. (See also specimens 1 and 2 in fig. 5.) The im- 
pact strengths, as measured by the ball impact method, may 
be compared wi.t.h the, Gharpy impact values for_va.rious _. 
X"Safety Code for Safety Glass for GlazinyMotor Vehicles 

Operatsng on Land Highways," 226.1-1935, American Stand- 
ards Association. 
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plastics in table I. Fair correlatidn of results by the 
two methods fs noted when specimens of approximately the 
same thickness are compared. Thus, the'three samples of 
cellulose acetate approximately l/16 inch fhfck.have Charpy 
impact strengths averaging 2.8 foot-Pounds per inch of 
thickness and require about two gmpacts with'the 0.5-pound 
steel ball from 65 feet to cause fracture; the correspond- 
%ng values for l/16-inch-thick cellulose nitrate are 4.1 
foot-pounds per fnch of thfckness and four impacts wpith 
the steel 'ball, The materials with low Oharpy values, such 
as the methyl methacrylate and vinyl chloride-acetate res- 
ins are also readily broken by the 0.5-pound steel ball 
falling short distances. 

In order to determine the effect of impacts of compar- 
atively soft bodies on the plastics as compared with the 
impact-of the steel ball, a tennis ball partfallg filled 
with lead shot was used in a series of tests reported in 
table III. (See also specimen 3 in ,fig. 5.) Results 02 
tests on a few cellulose-acetate samples indicate that a 
given sample mill withstand three times as many impacts' 
from a l-pound shot-filled tennis ball as from.a 0.5-pound 
steel b&11. A still less elastic ball was prepared by iti- 
corporating lead shot into a small amount of acous'tic ce- 
ment df doughlike consistency and molding this in the cen- 
ter of a hollow sponge rubber ball of B-inch diameter and 
approximately l-inch wall thickness. It will be noted in 
table III that a 13- by 17-inch cellulose-acetate sample, 
0.138 %nch thick, requbed seven impacts from 65 feet with 
this 4-pound sponge-rubber ball to cause failure. 

The relative resistance to ball imPacts of sillgle, 
laminated, and composite cellulose-acetate materials, Was 
determined wfth a 1.2-pound steel ball dropped from a 
height of 65 feet, 
frame (fig. 

on circular specimens fastened in the 
4) having an openfng 5-l/2 inches in diameter= 

The values obtained are shown in table IV. The laminated 
sheet was made up of three layers of the usual grade of 
cellulose-acetate skieet used for airplane- windshields ce- 
mented together wfth two intcrlayers of soft cellulose- 
acetate plastic of the type employed in making laminated 
glass. The composite specimens consisted of the windshield 
grade of cellulose-acetate skeet clamped together without 
cementing material in the cir&hlar frame. The thick single 
s_aecimens indicated in table IV as pressed from thinner 
sheets were prepared by the applkcation of sufffcient heat 
and pressure to cause the layers to flow and bond together. 
In general, the composite spec-imens had the preat.est resist- 
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ante to the impact of the 1.2-pound ball. For example, in 
thicknesses of approximately 0.25 inch, a composite speci- 
men. required 18 blows, a laminated specimen an average of 
G blows, and a single, pressed specimen an average of 3.5 
blows. The values shown in table IV for cellulose-acetate 
sample C6 struck by a 1..2-pound steel ball, when compared 
with the value obtained with a heavier softer body (1,4- 
lb. shot-filled tennis ball) as presented in table III, 
serve to emphasize further tho marked dependence of impact 
resistance of plastics on the r.elative deformability of 
the st-riking object. 

B. Falling-Dart Tests on Plastics 

In the course of some experiments with laminated and 
tempered glass, conducted by the Glass Section of the 
National Bureau of Standards, a dart weighing approximately 
3-Z/4 pounds was utilized as the striking body. (See fig. 
6.1 It consisted of a cylindrical piece of steel fitted 
with a solid sponge-rubber ball in the striking end and a 
wooden stick 2 feet long in the other end. A piece of 
steel was inserted in the end of the stick to hold the 
dart against the same magnetic reloaso used in dropping 
the stool balls. This same dart was also employed in test- 
ing samples of methyl-methacrylate and cellulose-acetate 
plastics, particularly mith respect to their comparative 
resistance to impact at 100' and 0' F. The plastics w8r.o 
tested in the form of 12- by 12-inch sheets laid in the 
frame ordinarily employed in testing laminated glass (fig. 
3) except that the tests on cellulose-acetate sheets at 
LOO0 F. had to be made mfth the samples clamped in tho 
square frame shown in figure 7, bocauso the sheets pulled 
through the former franc without broaking. The samplos 
wore romoved from the ovez or refrigerator, and subjected 
to the impact of the dart within approximately 30 seconds. 

The results of the Tallinq-dart tests on various 
thicknesses of methyl-methacrylate resin and on l/8-inch- 
thick cellulose acetate are shown in table V. The resist- 
ance of the methyl-methacrylate resin to the impact of the 
dart was very surprising in view of the ready fracture of 
this plastic by the 0.5-p0un.d steel ball. The comparative 
types of breaks obtained with the cellulose-acetate and 
methyl-methacrylate sheets at 0' F., are shown in figure 8; ' 

f 

, 
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V. HIGH VELOCITY IMPACT TESTS ON 

PLASTICS AND GLASS WINDSHIELD PRODUCTS 

The experiments on the resistance of the plastics and 
laminated glass to impacts with bodies projected at high 
velocity from a gun, 
namely, (I) t 

may be subdivided into three groups, 
es s made with an air gun, t (2) teats made 

with an antiaircraft gun usfng black powder as the propel- 
lant, and (3) tests made with bullets fired from pistols 
and machine guns. 

A. Impact Tests Made with an Air Gun' 

Various types of projectiles .weighing approximately 
l/,2 pound were constructed and'fired by means of 100 
pounds air pressure from a 2-inch-bore air gun, shown in 
figure 9, with ballistic pendulum in place to determfne 
the velocity of the projectile. For impact tests the pen- 
dulum was removed and the frame holding the sample was fas- 
tened in approximately the same position in such manner 
that the center portion of the specimen would be struck. 
The plastfcs were bolted into the frame (fig. 4) with an 
opening 5.5 fn.ches in diameter, employed 'in making the 
falling-ball impsot tests: the glass windshield products 
were placed in the wooden frame'(fig. 3) with an opening ' 
11-318 inches square, 
theso materials. 

used in making the drop tests on 
The rubber projectiles used were of two 

types, one a vulcanized cylindrical projectile, approxi- 
mately 2 inches in diameter and.4 inchss long, wrapped in ' 
cellophane to reduce friction in passing through the gun 
barrel, and the other a soft unvulcanized rubber projectile 
prepared by rendering the rubber plastic by milling at an 
elevated temperature and incorporating Plastogen and forc- 
ing the plastic rubber into a cardboard sleeve apprdximatelg 
2 inches in diameter and 5 inches long. Qhfs latter projec- 
tile deformed on striking the samples to a much qreat'er ex- 
tent than the vulcanized rnbber.product, the mark left .on 
the target being.about 3.5 inches in diameter. The data 
obtained in impact tests of these projectiles against vari- 
ous windshield materials are reported in table VT. 

L I 
The circular samples of cellulose nitrate, approximate- 

ly 65 mils thick, failed on the fourth impact with the 'pul- 
. canized rubber projectile; the cellulose-acetate samples of 

similar thickness failed after 8 Impacts in one test and re- 
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sist-ed 12 impacts in another test. By the use of a card- 
board sleeve in place of a wrapping of cellophane, higher 
velocity of the projectile, and hence increased energy in 
the impact, Was obtained. Cellulose acetate of 65-nil 
thickness failed on three, four, and five impacts with this 
type of projectile-. The same material in 125-mil thickness 
withstood 11 impacts with this soft-rubber projectile. The 
effect of the relative hardness of the Drojectile on the 
severity of the test, is indicated by the experiment in 
which three sheets of the cellulose nitrate of approximately 
GG-mil thickness clamped together in the circular frame were 
ponetrated by one impact of a hardwood projectile (see spac- 
imon 4 in fig. 5), notwithstanding the fact that the ener$y 
involved was less than in the cast of the soft-rubber pro- 
jectile. The laminated and p&to-glass samples tested in 
the frame shown in figure 3, failed on one impact of the 
softirubber projectile, whereas the tempered glass with- 
stood six impacts, after which the test was discontinued. 

B. Impact Tests Made with an Antiaircraft Gun 

The resistance of various plastic and glass windshield 
products to hfgh velocity impact was determined by firing a 
rubber-lead projectile .from an antiaircraft +n of 5-inch. 
bore. The projectiles were made by molding 1 pound of 
sponge rubber around a core consisting of a small rubber 
ball filled with sufficient lead shot--to make the total 
weight 3, or 4 Bounds, as desired. The sponge-rubber coat- 
ing was approximately 1 inch thick and 45 percent voids. 
The projectiles were fired with from 100 to 200 grams of 
black powder, depending on the velocity desired. The veloc- 
ity mas determined by firing through copper-mire screens 
which wore connected to a chronograph circuit. The target 
was apgroximatoly 50 feet from. the muzzle of the gun. The 
windshield products tested were of two sizes, 14- by 18- 
inch and 12- by 12-inch, the thfcknese varying as indicated 
in the tables of results. The 14- by 18-inch specimens 

*were fastened in the frame shown in figure 10, which has 
an opening 13 by 17.inches; the 12- by lZ-inch specimans 
were' clamped in one. of similar construction.having an open- 
ing 11 inches square .(fig. 7). Soft sheet-rubber gaskets 
nara inserted.between the samples and metal. The windshield 
materials were tested with their surfaces normal to the path 
of-tho projectile gnd also at a 45O angle to its path. 

. . 
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The results of the tests* are presented in tables VII 
and VIII. It will be noted that in only two tests were the 
projectiles stopped by-the samples, namely, by the four 
sheets of cellulose-acetate plastic of 0.516-inch total 
thickness and by the 1,25=inch heat-treated glass. In both 
cases the materfals were struck by the projectile at an an- 
gle.of 45' to its path. The projectilesweighed only 3 
pounds, which is 1 pound less than the weight of the bird 
which was initially considered as representative of those 
to bo encountered in flight. Likewise, the velocities were 
considerably less than the 400 feetper second originally 
specified for the test. In the remainder of the tests with 
the 3- and 4qound projectiles at a 45O angle of impact, 
and in all of the tests at a 900 angle of fmpact, the pre- 
jectiles penetrated.the windshield products. 

It is believed that a 4-pound projectile of the. type 
employed, represents-a more severe impact conaitfon than 
would be involved fn a calli~i~n with a bird of the same 
weight. The marked effect of the plastic nature of the 
colliding body on the ease of penetration of the WindShftdd 
products, has been previously demonstrated in the tests 
mith,,the falling ob'jects and the air gun, However, it was 
not practical to fPre a more plastfc projectile from the 
antiaircraft gun because of the erratic flfght which was 
obtained with softer projectiles due to their deformation 
while still in the barrel of the gun. These-experiments. 
with the antiaircraft gun, therefore, only indicate in a 
general way, the maxfmum requirements for a windshield 
which will withstand bird impacts. For the present, at 
least, the determbation of the most suitable type of wind- 
shield can probably best be accomplished 'by drop tests on 
laminated glass and plastfc products of the maximum weight 
that can,be tolerated by aircraft manufacturers. The ne- 

cessity for coniidering temperature cannot be, overlooked . 
because some @astZcs are a great deal weaker in Impact _ 
strength a*-lo%.temperatures than at ordinary.temp8rature.z: 

. 1 
ct. Impact Tests Made with Bullets 

- PJst.01 bullets of various sizes and muzzle Velocities 
+rere fired at sheets of cellulose-acetate and vinyl-acetal . 

-- ' ~----.------de- 
%e mesh to acknomledse and express our apprecia;ion Of 

- 

the utmost cooperation which the officers of the Experti 
*imental Offlce of the Bureau of Ordnance and the Naval 
Pr.ovin,g Ground.have qfven us in making possible the exi 

.perCmentz reported in this section. 
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resin of-about 3/4-inch thickness, prepared by prossing 
togothor thinner materials in a heated hydraulic prsss,: 
Tho results of thoso tests, conducted at a temperature of 
about 75' F., are shown in table IX. Lead bullets of .22 
caliber, 1,200-f-t-per-8econ.d velocity, were stopped in 
the b.locks of plastic. (See fig. Il.) Lead bullets of 
.32 caliber, 800-feet-per-second velocity, and .38 caliber, 
857-feet-per-second velocity, were deflected off the sur- 
face. Metal-jacketed bullets of .?O caliber, 1,397-feet- 
per-second velocity, passed through the plastics. 

Tracer bullets of-.30 and ..50 c&liber were fired from 
a machine gun at samples of cellulose-acetat.8, cellulosc- 
nitrate, methacrylate.resin, vinyl chloride-acetate resin, 
and laminated glass at ranges of lOO.and 600 yards, the 
t-empsrature being approximately 75' I?. The breaks caused 
by the impact of these bullets afford useful information 
on the relative toughness of-these materials. Some samples 
were merely penetrated by the bullets which left small 
holes with no radial cracks, while others were -completely 
shattared by .the larger-caliber bullets-; .-Theso effocte of 
tracer bullets on transparent plastics are clearly shown 
in figures 12 and 13. Pigure 14 shows the type of break 
which is obtained when laminated glass made with cellulose- 
acetate and-acrylate-resin plastics, respectively, are pen- 
etrated by tracer bullets. 

VI. SUMMARY ANI) CONCLUSIOGS 

The Charpy impact strength of various transparent 
plastics was determined at 70° F, and 25' B. The cellu- 
losic plastics and vinyl acetal resin have higher impact 
strengths than the methacrylate resins at 70° F., but they 
undergo a larger percentage decrease in impact strength 
at 25O F. than-does the methacrylate resin. For example, 
at 700 F., the cellulose-acetate samples gave impact 
strength values of 1.9 to 3.6 foot-pounds per inch of 
thickness, whereas at 25O F. the strength. varied from 0.25 
to 1.5 foot-pounds per inch of thickness. The comparable 
figures for methyl-methacrylate rosin are 0.40 t0 0.46 foot- 
pounds per inch of thickness at 70* F., and 0.26 to 0.37 
foot-pounds per inch of thickness at 25o F. 

In drop tests with relatively hard and soft objects, 
such as a steal ball and a shot-filled tennis ball, rb- 
SpectivQly, it was observed that the plastics, in gonoral, 
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wouid nfthstand many more impacts from deformable bodies 
than from rig&d bodies. A fair correlation exfsts bettieen 
the Gharpy impact strength value observed for a plastic 
and the height from which a steel ball must be dropped to 
break the plastic. A composite- specimen of cellulose ace- 
tate, consisting of several sheets clamped together with- 
out cementing material, 

-. 
had greater resistance to the im- 

pact of the falling ball than did a laminated specimen 
made up of three layers of the usual aircraft grade of 
cellulose-acetate sheet bonded together with two interlay- 
ers of soft cellulose acetate commonly employed in lami- 
nating glass. A single sheet comparable in thickness to 
the composite and laminated specimens required approxf- .- 
mately one-fourth and one-half as many impacts, respec- 
tfvely, to cause failure. 

Ache resistance of transparent plastics to impact with 
a shot-filled sponge-rubber ball projected at high veloc- 
ity from a gun, was determined. Plastic materials up to 
0.5 inch in thickness, and glass products up to 1.2 inches 
in thfckness, would not stop such a ball weighing 4 pounds 
and traveling at a speed of 400 feet per second. Four 
l/8-inch-thfck sheets of cellulose acetate bolted together 
in the test frame, and a sheet of tempered glass 1.2 inches 
thfck were the only twc samples which did not break when 
struck by a X-pound rubber ball traveling at a speed of 
300 feet per second with the abdshield product incTinod 
at an angle of 45 o to the direction of the projectile, but 
specimens of both of these materials broke when fastened 
at an angle of 90° to the direction of the projectile. 

National Bureau of Standards, 

Washington, D. G., June 24, 1939, 
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Material 
ele 

mils 

strength 
Energy/ 

thickness 
at 70' F, 

R.-lb./in. 
of 

thickness 

Energy/ 
thickness 
at 2-S' F. 

ft.-le./in 
of 

thickness 

Ball 
height 

ft. 

steel bi 
Average 
number of 
balls re- 
quired fol 
failure 

Number of 
specimens 
tested by 
falling-ball 

method 

Cellulose acetate 65 65 
Do. 96 
Do. 135 
Do. 94 65 
Do. 98 65 
Do. 100 65 
Do. 67 65 
Do. 55 65 
Do. 92 65 
Do. 57 65 
Do. 125 65 
Do. 165 

Cellulose acetopropionate 55 65 
Do. 58 65 
DO- 115 65 

Cellulose nitrate 66 65 
Do. 63 65 

Ethylcellulose 59 -- 
Methyl methacrylate resin 117 3 

Do. 88 -- 
Do. 222 10 
Do.. 218 

Vinyl chloride-acetate resir 102 8 
Vinyl acetal resin 122 65 
a)The Charpy impact test spec: imens were 2 .5 in. long, 

The ball tests were made on specimens clamped in the frame (fig. 4) which has an opening 
5.5 in. in diameter. 

b)The last two impacts on this sample were made with a 1.2-lb. steel ball. 

Al 
A2 
A3 
B2 
B4 
B5 
B6 
B7 
B9 
Cl 
03 
Dl 

bP1 
Lm 
W4 
El 
Fl 
Gl 
Kl 
K4 
Y7 
KE 
L3 

.I& 

2.8 
3.2 
2.1 
1.9 
3.0 
3.6 
2.7 
2.4 
2.3 
2.8 
204 
2.3 
1.4 
1.9 
1.3 
3.8 
4.4 
3.1 

.46 

.45 

:2 
.4 

2.9 

0.51 
.37 
.25 
.33 

1.51 
1.33 

.89 
1.16 

39 
1.02 

.84 

.30 
1.5 

.93 

.68 
2.13 
2.60 
2.49 

253 
.26 
.37 
.36 
.15 

2.5 

6 
2.5 

10 
1 
6 
5 
3 
9 

l;b) 
4 
5 
-- 
2 
-- 
2 

2 
11.5 

1.5 in. wide, and thickness as received. 

Thick- 

Impact test with 0.5-lb. 

2 

1 

1 
2 

z 
i . 
0 
i . 
El 
a, 
0 
v 
b 
1” 



Material 

Cellulose aceto- 
propionate 

APl 
Al% 
As 

AP4 

Cellulose acetate 
A5 

Kethyl meth- 
acrylate resin 

J3 
Propyl meth- 

acrylate rasin 
55 

Butyl meth- 
acrylate resin 

J6 
Styrene resin 

HSl 
H52 

. . l 

TAM.8 II. XZfect of Holdiw Suecimen in Edaewiee Poeition 

Thick- 
ness 
mils 

Enem/ l--x&J- Xnergyf- Energy/ 
thickness thickness thickness thickness 
at 70’ F. at 70’ F. et 25’ F. at 7’ F. 

no brackets) (brackets) 
ft.-lb./in# 

:no bra&sets) 
ft.-lb./in. 

(brackets) 
ft.-lb./in. ft.-lb./in 

of of of of 
Chickneas thickness thickness thhknees 

55 
107 
53 

116 

1.4 
1.4 
1.9 

1.3 

xz4 1.4 

I.23 .24 

136 

l29 

514 
507 

22 

23 

.59 

.47 

-I- 
on Charpy Impact Strength-of Tranep&e& Plastics 

Charpy impact strength (notched) 

1.5 
1.4 
1.4 

1.7 

1.2 

.27 

.29 

YTemperature of test was ‘7” F. 

1.0 
1.2 

.93 

.a 

.@I 

.31 

.29 

.29 

0.77 
.77 
.6;3 

.a 

.33 

.27 

.a7 

T 

Remarks 

Bo plasticizer 
No plasticizer 
I.5 percent tri- 
phenyl phosphate 

15 percent tri- 
phenyl phosphate 

Low viscosity resin 
High viscosity resin 
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Material 

Cellulose acetate 
81 

Cl 

B7 

C6 

C6 

Cellulose nitrate 
El 

TABLE III. Bropged Ball Imgact Tests on plastics 
with Various Types of Inelastic Bodies 

Thickness 

DlilS 

66 

57 

95 

138 

138 

66 

Type of ball 

l-lb, shot-filled 
tennis ball 

l-lb. shot-filled 
tennis ball 

l-lb. shot-filled 
tennis ball 

1.4-lb. shot-filled 
tennis ball 

Clb. filled sponge- 
rubber ball 

1.4-lb. shot-filled 
tennis ball 

Number of impe.cts from 65 feet 
to cause failure 

7 

9 

* 

7a) 

a 

z 
0 
L-b 
co 

z 
0 
* 

% his specimen was tested in the frame (fig. LO), which has an opening 11 inches square. 
The other materials listed in this table were tested in the frame (fig. 4), which has an z 
opening 5.5 inches in diameter. m 



. 

kfat eriL 

B3 
c2 
A2 

B14 
B14 

c3 
B13 
B13 
B13 

C6 
C6 
C6 
B7 
B7 
c2 

B7 
87 
87 
Cl 
c2 
a3 
@ 
c3 

I . 

TABIJE IV. Ball Impact Tests of Single, Laminated, and 
Composite Celluloee-Acetate Specimens 

(All teste made with a 1.2-D. steel ball dropped from a height of 65 feet onto spec- 
imens clamped in the frame (fig. 4) which has an opening 5.5 in. in diemeter) 

Type of specimen 

Single (original sheet) 
Sixle (original sheet) 
Single (original sheet) 
Single (original sheet) 
Single (original sheet) 
Single (original sheet) 
Single (original sheet) 
Single (original sheet) 
Single (original sheet) 
Single (original sheet) 
Single (original sheet) 
Single (original sheet) 
Single (pressed from 3 pieces of 95 mil stock) 
Single (_oressed from 3 pieces of 95 mil stock) 
Single (pressed from 3 pieces of 95 and 1 piece of 60 mil 

stock) 
Laminated (2 layers of sdt acetate between 3 layers of B7) 
Laminated (2 layers of soft acetate between 3 layers of B7) 
Laminated (2 layers of soft acetate between 3 layers of 87) 
Composite (3 pieces of 55 ml1 stock) 
Composite (2 piece6 of 95 mil stock) 
Composite (4 pieces of 65 mil stock) 
Composite (3 pieces of 95 mil stock) 
Composite (3 pieces of 125 mil stock) 

Total Xumber of impacts 
thick- required 
nes8 for fallura 

65 
95 
96 

107 
107 
125 
I.25 
I.25 
126 
138 
138 
138 
242 
242 

292 
238 
238 
238 
165 
191 
256 
285 
366 

2 
3 
4 
1 
1 
3 
2 
2 
2 
2 
4 
4 
2 
6 

5 
5 
5 
7 
6 
9 

13 
G 
I.3 



TABLE V. Falling-Dart Impact Tests on Plastics 
(Specimens were tested in the frame shown in fig. 3, which has an opening 

11-3/B in, square. exceDt the last two materials, A5 and C7, which 

Temper- 
ature baterie: 

Ehlck- 
ness 

loOoF. 
loo0 F. 
lOooF. 

o" F. 
0' F. 

loo0 B. 
100' F. 

K18 
X23 
K23 
KlS 
K18 
K38 
K38 

in. 
3.268 
.254 
268 
.261 
.253 

.376 

Ligh 
ft. 
30 
30 
30 
25 
30 
25 
-- 

loo0 F. 
lO0OB. 

0' F. 

K38 
K38 
K38 

.385 

.38O 
,388 

35 
35 
40 

o" F. K38 ,396 40 
loo0 F. K39 .532 35 

100°F. K39 .547 50 
100' F. I(39 ,526 ^_ 

0' F. 
0; F. 

1;;;: 

10% p": 
9' F. 
8: $: 

loo0 F. 
moo F. 

K39 
K39 
F39 
K40 

Kl-t 

E 
A3 
A5 
c7 

.559 50 

.568 60 
so -- 
.7G3 -- 
,734 -- 
.l25 -- 
.l25 25 

:I% $8 
.l24 -- 
.I227 -- 

were cl&q aei 1 in-the &me ihorn in fia. 7. haviw d ooenim li in. sauare) - . 
i I nilure 

L?nnber of im 
pacts at 
that height 

1 
1 
1 
1 
1 
1 

v- 
Cotal number 
of impacts 

Heights in feet and 
number of impacta 
at each height 

Remarks 

20(l); 25(l); 30(l) 
25(l); 30(l) 
30(l) 
2O(lj; 25(l) 
25(l); 30(l) 
20(l); 25(l) 
26(l); 30(l) 

- 
13 pieces 
17 piece6 
I.5 pieces 
26 pieces 
40 pieces 
10 pieces 
Sample cracked when 
hit by metal on 
rebound 

17 pieces 
11 pieces 

1 
1 
6 

3 
4 

3 
1 

2 
1 
2 

:. 

i 
1 
1 

35(l) 
35(l) 
20(l); 30(l): 35(3) 

Wl) 
25(l); 35(l); 40(l) 
20(l); 25(l); 30(l) 

35(l) 

26 pieces 
16 pieces 

11 pieces 
14 piece0 
Sample cracked when 
hit by metal on 
reoound 

18 pieces 
14 pieces 
No failure 
No failure 
No failure 
Fulledthroughframe 
70 ieces 

5 b8 % 
j.eces 
ieces 

No failure 
No failure 
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Material 

Cellulose nitrate 
El 

El (compos- 
ite, 3 
sheets of 
66 mil 
stock) 

Fl 
Cellulose acetate 

B3 
B3 

Et3 65 Soft rubber in cardboard .48 
83 65 Soft rubber In cardboard .48 
x3 65 Soft rubber in cardboard .48 
Q 125 Soft rubber in cardboard .48 

Laminated glass 
(12-14 oz. sheet 
glass, cellulose- 
acetate plastic) 

Plate glass 
Tempered glass 

Laminated glass 
(plate glass: 
vinyl acetal 
DbStiC) - 

a)The elastics WBI 
laikneted plae 

a) TABLE VI. Impact Tests Made’wlth a-Inch Air Qun 

‘hick- 
nest3 

mils 

Tme weight 

lb. -- 

66 Pubber wrapped in cello- 
phane 3.555 

198 
63 

65 
65 

Hardwood 
Rubber in cellophane 

Ruboer in cellophane 
Rubber in cellophane 

.5 

.555 

.555 

.655 

150 Soft rubber in cardboard .48 
250 Soft rubber In cardboard .48 
250 Soft rubber in cardboard .48 

250 Soft rubber in cardboard .48 
ch has 
3)s wlz 

clampai 
C6 were tasted in the figA i)G 

1 in the frame (f 

T 

Pr 
- 

ectik 

Approx- 
imate 

muzzle 
velocity 
-L-E ft set 

144 

150 
144 

144 
144 

168 
169 
169 
169 

169 
169 
169 

169 

Impact 
energy 

ft.-lb. -I- 

179 

175 
179 

179 
179 

. 
213 
2l.3 
213 
2l3 

213 
2X3 
213 

‘213 
5.5 In., 
tpeaing 

Wmber of shots 
required for s 

failure 

4 

1 
4 

8 
12 plus 3 of the 
soft rubber pro- 
jectiles 

3 
4 
5 

11 shots without 
failure 

1 
1 

5 shots without 
failure 

1 
1 $iameter: the 
3; R in. squere. 
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T.ABLE VII. High Velocity Impact Tests on Cellulose-Acetete Plastic 

1 Cellulose acetate 
(1 sheet) 

2 Cellulose acetate 
(4 sheets) 

3 Cellulose acetate 
(4 sheets) 

4A Cellulose acetate 
(4 sheets) 

48 Same sample as 
above 

5 Cellulose acetate 
(1 aheet) 

6 Cellulose acetate 
(4 sheets) 

0.094 

,516 

.516 

.616 

.516 

.51 

,516 

-- 
Size of 
0pe~WJ 
of test 
frame 

in. 

I.3 x 17 

13 x 17 

13 x l? 

13 x 17 

13 x 17 

13 x 17 

13 x 17 

Acgle 
of 

impact 

9o” 

9o” 

9o” 

a0 

45O 

45O 

45O 

Weight 
of gro- 
Jectils 

lb. 
-- 

4 

’ I 

Velocity 
of 

projectilt 

ft./set. 

293 

Impact 
energy 

Ft.-lb 

5,340 

403 10,100 

308 4,420 

298 

350 

280 

303 

4,140 stoppea Hit at center 

7,620 Penetrated Hit near corner 

3,660 Penetrated Hit near corner 

5,710 Penetrated Hit near center 

Result Remarks 

Penetrated Hit at center 

Penetrated Hit at center, 
sheared at 
edges 

Penetrated Hit near corner 
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TAEUiiZ VIII. Hig 

Description 
of material 

1 

2 

3 

4 

5 

6A 

6B 

Laminated glass 
l-ply l/&inch 
tempered polishec 
plate; plastic 
l/M-inch specia: 
resin l-ply 3/32. 
inch sheet 

Tempered glass 
(1 piece) 

Laminated glass 
7-91~ 5/64-inch 

polished plate; 
6-ply l/40-inch 
vinyl plastic 

Laminated glass 
2-ply 7/64-inch 
polished plate ; 
l-ply l/lo-inch 
vinyl plastic 

Same material 
as No. 1 

Same material 
as NO. 2. 

Same semple as 
aoove 

Total 
thi cka 
ness 

in. 

0.36 

1.25 

.7 

.32 

.36 

1.25 

1.25 
I 

Size of 
opening 
of test 
frame 

in. c- 

13 x 17 

11 x 11 

11 x 11 

11 x 11 

13 x 17 

11 x 11 

11 x 11 

Velocity Impact Tests on Glass Windshield Products 

Angle 
of 

lmpacl 

9o” 

9o” 

9o” 

9o” 

45O 

45O 

45O 

7 
? 

Weight of 
projectile 

lb. 

L 

Velocity 
of 

projectil 

ft./set. 

Impact 
energy 

ft.-lb 

Result Remarks 

Hit near center 
(sheet side 
toward gun) 

288 3,870 Penetrated 

208 3,870 Penetrated Hit near one side 

296 4,Q90 Penetrated Hit near center 

248 2,870 Penetrated Hit near frame 

276 3,550 Penetrated Hit near center 

341 

279 

5,420 Stopped Hit near center 

4,840 Penetrated Hit near frame 



TABLE IX. Pistol Bullet Impact Tests on 3/4Inch4hlck Specimens 

Specimen 

Cellulose acetate 
A3 
A3 
A3 

B2 32 S & W long, lead 810 143 
B2 22 long, lead 1,250 121 
BE 32 S & W long, lead 810 143 
B8 38 S & W Special, lead 857 258 

Vinyl resin 
rn 

Glycerylphthalat e* 
Tl 

Type of bullet 
(caliber, etc.) 

Muzsle 
velocity 
ft./set. 

hW4ele 
energy 
ft’.-lb, 

Besults 

22 long, lead 1,250 121 Stopped in plastic 
32 s br W long, lead 810 143 Bounced off 
30 Mauser metal-jacketed 1,397 373 Penetrated 

Bounced off 
Stopped in plastic 
%-onced off 
First a&caliber bullet 

bounced off 

22 long, lead 1,250 
30 Mauser metal-jacketed 1,397 

22 long, lead 1,250 

. 

I21 
373 

121 

Second bullet, struck 1 inch 
from first, split the sample 
but was deflected 

Third struck l/2 inch from edge, 
cracked plastic, but bounced 
off 

Stopped in plastic 
Penetrated 

Shattered 

*0.29 inch in thickness. 



B.h.0.A. Teohnioal Note Ho. 7l8 Fige.l,J 

Figure 1.0 Apparatus foi determining 
aharpy impeot strength. 

Pigore a.- woodenframeumdtohold 
12"xU" epeoimene in the 

falling-dart impaot teat. - 



N.A.O.A. Teohnioal Blot& NO. 718 Figs.4,6 

'Figure 4.9 Oiroular frame u8ed to bold plastics in the 
falling-ball dmpaot test. 

Figurs 8.0 Dart used la impaot tests on plastios and glass 
windshield produots. 



R.A.C.A. Technical Rote No. 718 Fig.5 

1. Cellulose acetate B4: failed on second impact of 0.5 lb. 
steel ball dropped 65 feet. 

2.c. Cellulose acetate B5; failed.on eighth impact of 0.5 lb. 
steel ball dropped 66 feet. 

3 .-'Cellulose aaetate Al; failed on seventh impact of 1 lb. 
shot-filled tennis ball dropped 65 feet. 

4 .- Cellulose nitrate El; top sheet of composite- opecfmen con- 
sisting of 3 sheeto of 66 mil stock; failed on first im- 
pact of 0.5 lb. hardwood projectile fired from air gun at 
velocity of 150 ft. per 88C. 

FiQlI'8 5.- Plastic specimene after impact tests. 



c 

Fhwe 7.- _ frame USA to hold 12"X12M speoimens for hlgh-velooity _ . . impaot tests. 

--.-.---- -- 

>_^ s-s-s., ; ” ... ” .3?4&, _L ,__^ -42 
--- - .^_ _. :z;:.- .^ a _. _ . “, _ -.. - 

FQJm lO.- Frame used to hold 14wX18n speoimene for high-velocitp 
imp,& teste. 



Figure a.- meetlc apectine after impact teotr at 
CC' B with falling dart. 
Left: cellulore acetate A& 
Rlght:Yetby1mtbacryXate reJsinE38. 

J 
P 
0, 



. 
I 

l I 

Figure 9.- Air gun need for higb~elocity laqmot teetr on 
plastics and glme windshield prodxcta. 



N.A.C.A. Technical Note No. 718 rig.11 

Figure ll.- Cellulose acetate B2 r&th .22 caliber, long, 
lead-nosed bullet buried in It. A .32 caliber, 

S and W long,lead-nosed bullet was deflected from the sur- 
face within the area surrounded by the circle. 



x.A,&A. 'Pechnical Note Ho. 7l8 Pig. 12 

A. icrylate main, Xl, 0.113 in. B. Acrylate resin, K9, 0.067 in. 
thick; three tracer bullet8 thick; three tracer bullet8 
caliber .30. Ml. at 100 yardr. caliber .SO, Yl, rt 100 yards. 

C. Cellulore nitrate, n, 0.062 in. thidk; D. Celldose nitrate, El,. 
three tracer bullets caliber .30, Ml, 0.066 in. thick, three 
at 100 yardr: two tracer bulletr tracer bulleta caliber 
caliber .30. Ml, at 600 yard8. .SO, Ml, at 100 yardr. 

E. Celiulore acetate, C2, 0.095 P. Cellulose acetate, B3, 0.066 
in. thick; three tracbr bull&m in. thick; three tracer bullefr 
caliber .SO, Ml, at 100 yardm. caliber .M), Yl, at 100 yarda. 

rigore 12.m Effect of traaer bdllet8 on transparent plaoticr. 



CA. !Pechnical Note No. 718 

c 

. 

Fig. 13 
. 

A. Celluldre 
ac0 tate, 12, 

0.096 in. thick: 
three tracer 
bullet‘ caliber 
30, 141, at 100 
yPrd8 ; one tracer 
bullet caliber 
.30, Ml, at 600 
pUYl8. 

B. Vi& 
chloride-acetate 
rerin, L3, 
0.100 in. thick: 
two tracer bul- 
let8 caliber .30, 
Ml, at 100 yard‘. 

C. ViIlyl 
chloride-acetate 
re8in. L3, 
0.100 in. thickt 
two tracer bul- 
let8 caliber *SO, 
Yl, at 100 yard‘. 

'Figure 13.- 
Effect of tracer 
bullet8 on 
transparent 
plarticr. 



N.A.C.A. Technical Note No. 718 Pig. 14 

A. Plate glass 
bonded with 

cellulose 
acetate plastic, 
x5, 0.188 in. 
thick; tro 
tracer bullet8 
caliber .30, Ml, 
at 100 ysrae. 

B. Plate ma 
sheet glass 

bonded with 
acrylate resin 
plastic, 15, 
0.238 in. 
thick: one 
tracer bullet 
caliber .50, 
Ml, a* 100 
yards. 

Ngure 14.. 
Effect of 
tracer bul- 
lets on 
l~instea 
glamm. 


